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APPARATUS AND METHOD FOR PULSED PLASMA PROCESSING 
OF A SEMICONDUCTOR SUBSTRATE 

Background of The Invention 

1 . Reference to Related Application 

The present application claims priority from provisional application no. 60/005,288 
filed October 13, 1995 Provisional application no. 60/005,288 is hereby incorporated herein 
by reference in its entirety. 
5 2. Fiel d of t h e I nve n t io n 

The field of the invention relates generally to semiconductor processing More 
particularly, the field of the invention relates to an apparatus and method for pulsed plasma 
etching of a semiconductor substrate 
3. Descr i ption of t he Relat ed Art 

10 Plasmas have been used in a variety of processes for the manufacture of integrated 

circuit devices including etching, stripping of photoresist and plasma enhanced chemical 
vapor deposition The plasma is created by providing energy to a gas in a reactor chamber 
The plasma consists of two qualitatively different regions a quasi-neutral, equipotential 
conductive plasma body and a boundary layer called the plasma sheath The plasma body 

1 5 comprises a plurality of mobile charge earners and thus is a conductive medium Its interior 
generally has a uniform electric potential A plasma cannot exist for long in direct contact 
with material objects and rapidly separates itself from objects by forming a non-neutral 
sheath The sheath is an electron deficient, poorly conductive region having a strong 
electric field This electric field typically extends perpendicularly between the plasma body 

20 and an) interface with m<v '-i! objects, such as reactor walls and wafers placed within the 
re^ f of 

Plasma reactors typically provide energy to the gas in the reactor chamber b_\ 
coupling RF electric power into the chamber The RF power coupled into the reactor 
chamber ionizes, dissociates, and excites molecules within the plasma body In particular, 
25 the RF power provides energy to free electrons in the plasma body Ionization occurs when 
an energized free electron collides with a ga., molecule causing the gas molecule to ionize 
Dissociation occurs when an energized free electron collides with a gas molecule, such as 

0 2 , causing the molecule to break into smaller molecular or atomic fragments, such as 
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atomic oxygen, for example. Excitation occurs when the collision does not break molecular 
bonds but rather transfers energy to the molecule causing it to enter an exc.ted state 
Control of the relative amounts of ionization, dissociation, and excitation depends upon a 
vanety of factors, including the pressure and power density of the plasma The plasma body 
5 typically consists of radicals, stable neutral particles and substantially equal densities of 
negatively and positively charged particles 

Plasmas may be particularly useful for anisotropic etching of a semiconductor 
substrate Anisotropic etching is etching that occurs primarily in one direction, whereas 
isotropic etching is etching that occurs in multiple directions Anisotropic etching is 
10 desirable for manufacturing integrated circuit devices, because it can be used to produce 
integrated circuit features having precisely located sidewalk that extend substantially 
perpendicularly from the edges of a masking layer Th.s precision is important in devices 
that have a feature size and spacing comparable to the depth of the etch 

To accomplish an anisotropic plasma etch, a semiconductor substrate such as a 
1 5 wafer may be placed in a plasma reactor such that the plasma sheath forms an electric field 
perpendicular to the substrate surface. This electric field accelerates ions perpendicularly 
toward the substrate surface for etching. One conventional approach to anisotropic plasma 
etching uses parallel planar electrodes Often, the lower electrode acts as a pedestal for a 
wafer RF power is applied to the electrodes to produce a plasma and accelerate .ons 
20 toward the wafer surface 

The crystalline silicon or thin insulating layers of some modern integrated circuit 
designs may be damaged by high energy ion bombardment, so it may be necessary to 
decrease the RF power applied to the electrodes for lower ion energy etch processes 
Decreasing the RF power, however, will reduce the ion density in the plasma Decreased 

25 ion density usually decreases the etch rate 

Inductively coupled reactors have been used to overcome this problem by using 
separate \ coupling mechanisms (and therefore separate power sources) to control the .on 
den^y and ion bombardment energy Power is applied to an induction coil surrounding the 
reactor chamber to inductively couple power into the chamber to produce the plasma The 

30 inductively coupled power accelerates electrons circumfercntially within the plasma and 

generally does not accelerate charged Particles toward the wafer which is placed below the 
plasma The level of power applied to the induction coil may be adjusted to control the >on 

-2- 
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density in the plasma Some power from the induction coil may be capacitively coupled into 
the plasma, however, and may accelerate ions toward the walls and the wafer To reduce 
this capacitive coupling a split Faraday shield may be placed around the reactor See U S 
patent application serial no 07/460,707 filed January 4, 1990, which is assigned of record to 
5 the assignee of the present application and which is hereby incorporated by reference A 
separate source of power may be applied to a wafer support to accelerate ions toward the 
wafer for etching A relatively high level of power may be applied to the induction coil to 
provide a plasma with a high ion density, and a relatively low level of power may be applied 
to the wafer support to control the energy of ions bombarding the wafer surface As a 
10 result, a relatively high rate of etching may be achieved with relatively low energy ion 
bombardment. 

While low energy ion bombardment may reduce damage to sensitive layers of the 
integrated circuit, other problems may be encountered which interfere with the anisotropic 
nature of the etch In particular, low energy ions may be deflected by charges that 

1 5 accumulate on the wafer or mask surface during etching 

This charge buildup may result from the relatively isotropic motion of electrons in 
the plasma as opposed to the anisotropic motion of the ions The normal thermal energy of 
the plasma causes the electrons to have high velocities because of their low mass These 
high velocity electrons collide with molecules and ions and may be deflected in a variety of 

20 directions, including toward the wafer surface. While the negative bias on the wafer tends 
to i.. i el electro; . , the high velocity of some electrons overcomes this negative bias The 
electrons are deflected in a variety of directions and have a relatively isotropic motion As a 
result, electrons deflected toward the wafer surface tend to accumulate on elevated surfaces 
of the wafer or mask layer, rather than penetrating to the depths of narrow wafer features 

2^ (which would require a perpendicular, anisotropic motion) 

Ions, r:\ the other hand, have a large mass relative to electrons and do not have hu.;h 
random velocities Rather, the bias on the wafer support accelerates ions perpendicularly 
toward the wafer surface. This anisotropic acceleration alk ; ions to penetrate to the 
depths of narrow' wafer features more readily than electrons 

30 As a result, negatively charged electrons tend to accumulate on the upper surfaces of 

the wafer or mask layer, while positively charged ions tend to accumulate in the recessed 
regions of the wafer that at e being etched. These accumulated charges may form small 
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electric fields, referred to as "micro fields," near integrated circuit features on the wafer 
surface Whjle these small electric fields may have little effect on high energy ions, they may 
deflect low energy ions used in low energy etch processes for small integrated circuit 
features The negative charge on the substrate or mask surface tends to attract positively 
5 charged ions, while the positive charge in recessed regions tends to repel these ions As a 
result, low energy ions falling into recessed regions between features may be deflected into 
feature sidewalls, thereby undercutting the mask layer. This undercutting can degrade the 
anisotropic etch process and inhibit the formation of well-defined features with vertical 
sidewalls 

Therefore, what is needed is an improved anisotropic etch process Preferably such 
a process will allow low energy ions to be used for etching small integrated circuit features 
while substantially eliminating the problems associated with charge build.-/, on the wafer 
surface Preferably such a process will enable the manufacture of small integrated circuit 
features with well-defined vertical sidewalls 

Summary 

Aspects of the present invention provide an improved etch process One aspect of 
the present invention provides a power source that alternates between high and low power 
cycles to produce and sustain a plasma discharge. Preferably, the high p< er cycles couple 
sufficient power into the plasma to produce a high density of ions U10 u cnr) for etching 

20 Preferably, the low power cycles allow electrons to cool off to reduce the average random 
(thermal) electron velocity in the plasma. Preferably, the low power cycle is limited in 
duration as necessary to prevent excessive plasma loss to the walls or due to recombination 
of negative and positive ions. During the low power cycles the power may be off 

It is an advantage of these and other aspects of the present invention th average 

25 electron thermal velocity is reduced, so fewer electrons overcome the plasma sheath and 
accumulate on substrate or mask layer surfaces. As the plasma electrons cool, the sheath 
potential decreases which allows the plasma to move closer to the substrata surface and 
positive ions flow to the wafer surface which neutralizes charges that have accumulated on 
elevated surfaces as well as within the depths of recessed features 

30 Another aspect of the present invention provides a separate power source that 

alternates between high and low »wer cycles to accelerate ions toward the substrate being 
etched. In one embodiment, a strong bias is applied to the substrate in short bursts 
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Preferably, multiple burst occur during the average transit time for an ion to cross the 
plasma sheath and reach the substrate surface During the low power cycles, the power may 
be off 

When intermittent bursts are used for the bias, ions are accelerated toward the 
5 substrate in pulsed waves. Ions striking the surface cause anisotropic etching of the 

substrate Most ions are pulsed near the substrate surface without reaching it During the 
low power cycles, these ions coast toward the surface and those that do not collide with 
neutral particles continue to move substantially perpendicularly to the biased surface. 
During the next burst, the remaining ions in the sheath are again accelerated toward the 

10 substrate for anisotropic etching These ions are not deflected into sidevvalls as readily as 
ions in conventional low energy etch processes due ; reduced charge buildup and the 
relatively low duty cycle of power used to pulse ions toward the substrate surface 

In an alternate embodiment, a lower frequency A C bias (100 kHz to 1 MHz) is 
applied to the substrate The bias may be a continuous A C wave or it may alternate 

15 between high power cycles (for multiple wavelengths) and low (or zero) power cycles 

Preferably, the half cycles of the A C waveform are at least equal to the ion transit time for 
ions in the sheath region When a low frequency A C bias is used, negative and positive 
ions are alternatively accelerated toward the substrate for etching Since the etch alternates 
between negative and positive ions, charge buildup on the substrate surface is avoided 

20 Preferably, the above aspects of the present invention are combined into a single low 

io 1 ?nergy, anisotropic etch process with reduced charge buildup and improved feature 
definition 

Brie' c.dpiiuii^Ltli^JijcaiYjii^ 

Figure 1 illustrates a wafer processing system according v > a first embodiment of the 
25 present invention, 

Figure 2 is a simplified top plan view of the wafer processing syst- m according to 
the first emboo .ent, 

Figure 3 shows an exemplary power signal that may be applied to an induction coil 
in the wafer processing system accord 1 y to the first embodiment, 
30 Figure 4 shows an alternative power sigi.al that may be applied to an induction coil 

in the wafer processing system according to the first embodiment, 

-5- 
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Figure 5 is a schematic diagram illustrating an exemplary circuit that may be used to 
generate the power signal of Figure 4, 

Figure 6 shows a power signal that may be used to control ion bombardment in the 
system according to the first embodiment, 
5 Figure 7 shows an alternate power signal that may be used to control ion 

bombardment in the system according to the first embodiment, and 

Figure 8 is a side view of a split Faraday shield that may be used in the system 
according to the first embodiment. 

Detailed Description 

10 Aspects of the present invention provide a novel apparatus and method for 

processing semiconductor substrates The following description is presented to enable a 
person skilled in the art to make and use the invention Descriptions of specific applications 
are provided only as examples Various modifications to the preferred embodiment will be 
readily apparent to those skilled in the art, and the generic principles defined herein may be 

15 applied to other embodiments and applications without departing from the spirit and scope 
of the invention. Thus, the present invention is not intended to be limited to the described 
or illustrated embodiments, but should be accorded the widest scope consis-" it with the 
principles and features disclosed herein, 

In one embodiment of the present invention, two power sources are used for 

20 anisotropic plasma etching A first power source is used to produce a stable plasma 
discharge with a desired ion density The first power source is preferably a <ied to an 
induction coil which inductively couples power into the plasma The second power source 
is used to bias the substrate ' eing etched Preferably, the substrate is positioned below .he 
plasma region substantially parallel to the direction of the induction electric field produced 

25 by the induction coil The second power source may be applied to a planar electrode that 
acts as a support for the wafer. 

^Jnjhis^embodiment, the inductively coupled power alternates between high and low 
_,power cycles to produce and sustain a plasma discharge The high power cycles couple 
sufficient power into the plasma to produce a high"density of ions for etching The low 

30 power cycles allow electrons to cool off to reduce the average electron thermal velocity in 
the plasma. Typically, the low power cycle is longer than the high power cycle and the 
plasma exists primarily in the "after glow" state. The duration of the low power cycle is 
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limited, however, so electrons and ions do not recombine or fall to walls in such large 
numbers that the ion density is insufficient for the desired etch rate, or makes the plasma 
hard to reignite 

The low power cycles reduce the average electron thermal velocity in the plasma, so 
5 fewer electrons overcome the plasma sheath and accumulate on substrate or mask layer 
surfaces As the plasma cools, the sheath potential and width decrease which causes the 
plasma to approach closer to the substrate surface and reduces the voltage to which electron 
charges accumulate on elevated (resist-covered) surfaces Thus, alternating the inductively 
coupled power reduces the charge buildup on substrate surfaces, as it reduces the floating 
10 potential 

In one embodiment, the bias on the substrate also alternates between high and low- 
power cycles to accelerate ions toward the substrate for anisotropic etching A strong bias 
is applied to the substrate in short bursts Preferably, multiple bursts occur during the 
average transit tim- for an ion to cross the plasma sheath and reach the substrate surface 

1 5 The amplitude of the bursts is typically greater than the amplitude of continuous RF biases 
used in conventional low energy etch pr ses 

The alternating bias accelerates ions toward the substrate during pulses only During 
high power bursts, ions accelerate toward the substrate Most ions are accelerated toward 
the substrate surface without reaching it Dining the low power cycles, these ions retain 

20 their anisotropic motion and those that strike elevated surfaces help to neutralize them 
1 -ring the next burst, the remaining ions near the substrate surface are again accelerated 
toward the substrate for anisotropic etching These ion.*, whe they finally strike the 
surface, are not deflected into sidewalls as readily as ions in conventional low energy etch 
processes due to reduced charge buildup and the low duty cycle of power used to pulse ions 

25 toward the substrate surface. 

In an alternate embodiment, a lower frequency A C bias (100 kHz to 1 MHz) is 
applied to the substrate. The bias may be a continuous A C wave or it may alternate 
be een high power cycles (for multiple wavelengths) and low (or zero) power cycles 
Preferably, the half cycles of the A.C waveform are at least equal to the ion transit time for 

30 ions in the sheath region When a low frequency A C bias is used, negative and positive 

ions are alternatively acce' \;d toward the substrate for etching. Since the etch alternates 
between negative and positive ions, charge buildup on the substrate surface is avoided 
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The pulsed plasma discharge and pulsed or low frequency A C substrate bias 
combine to provide a low ion energy, anisotropic etch process with reduced charge buildup 
and improved feature definition 

Figure 1 illustrates a side cross-sectional view of an inductively coupled plasma 
5 reactor system 100 according to a first embodiment of the present invention The system is 
used for etching semiconductor substrates such as wafers or the like to form small 
integrated surface features with well-defined sidewalls. In particular, the syste; may be 
used to anisotropically etch small integrated circuit features that have a width on the order 
of or less than the depth of the etch The system 100 uses two cylindrical plasma generation 
1 0 chambers 1 02a and 1 02b side by side Similar components are used in each of the plasma 
generation chambers 102a and 102b These components are identified using the same 
reference numeral for each chamber, except that the suffixes "a" and "b" have been added to 
differentiate between components for generation chamber 102a and 102b, respectively The 
elements of this embodiment may also be referre ■' v> generally by their reference numeral 

1 5 without any appended suffix. As shown in Figure 1 , the two generation chambers use 

substantially duplicate elements and operate substantially independently They d- • however, 
share a gas supply system 104, an exhaust system 106 and a substrate processing chamber 
108 The system 100 allows concurrent processing of two wafers which doubles 
throughput In particular, the system 100 is configured for use in conjunction with the 

20 Aspen™ wafer handling system from Mattson Technology, Inc. Of course, it will be rea y 
apparent that aspects of the present invention may be used in any variety of plasma 
processing systems including systems with single or multiple plasma generation chambers 

System 100 allows ion bombardment energies to be controlled substantially 
independently of the ion current density Induction coils 124 encircle the plasma generation 

25 chambers 102 These induction coils are connected to first power sources 150 A separate- 
electrode 1 12 acts as a substrate support adjacent to which semiconductor wafers 107 are 
placed for processing While a single electrode 1 12 is used for both wafers 107a and 107b, 
separate electrodes may be used for each wafer Electrode 1 12 is coupled to a second 
power source 152 The power applied to electrode 1 12 is used to cor' .>] ion bombardment 

30 energies, while the power applied to induction coils 124 is used to control ion current 
density. 
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As described above, problems associated with charge buildup are avoided by using 
high and low power cycles on the induction coil 124 and the electrode 112 In an exemplary 
configuration, the first power source applies RF power to the induction coil 1 12 during high 
power cycles and applies no power during low power cycles RF power at 1 3.56 MHz is 
5 typically used, although other frequencies may be used as well The high power cycles 
typically last anywhere from 5 to 100 microseconds and the low power cycles typically last 
from 30 to 1000 microseconds The duration of the high power cycles is typically less than 
or equal to the duration of the low power cycles The duty cycle of the high power cycles is 
typically greater than or equal to 10%. The above configuration is exemplary What is 

10 desired is a high power cycle that sustains a plasma discharge with sufficient ion density for 
the desired etch rate, and a low power cycle that allows electrons to cool without reducing 
the ion density below the level rec; ;ired for etching and without making it difficult to sustain 
the plasma discharge with the next high power cycle 

In the exemplary configuration, the second power source applies a strong negative 

1 5 voltage pulse to the electrode durin_, high power cycles and applies little or no voltage 

during low power cycles During the high power cycles, the second power source applies a 
negative bias of from 20 to 500 volts on the electrode A single square, triangular or 
sinusoidal pulse may be used to provide the bias during each high power cycle The 
duration and frequency of the pulses are typically selected such that several pulses occur 

20 during the average transit time for an ion to cross the plasma sheath and reach the substrate 
surface These pulses cause the substrate to be etched by ions which are mainly "coasting" 
to the surface. The duration of the pulses typically range from 1% to 10% of the average 
ion transit time with typical values in the range of from about 0 02 to 0.2 microseconds 
The frequency of the pulses typical! mges from 500 kHz to 60 MHz The above 

25 configuration is exemplary What is desired is an intermittent bias on the substrate that 
alternates betw\ ion acceleration cycles that accelerate ions toward the substrate for 
anisotropic etching and charge neutralization cycles that neutralize >r remove charges that 
have accumulated on the subs .Ue surface 

In an alternate embodiment, a lower frequency A C bias (100 kHz to 1 MHz) is 

30 applied to the substrate The bias may be a continuous A C wave or it may alternate 
between hhy power cycles (for multiple wavelengths) and low (or zero) power cycles 
Preferably, the half cycles of the A C waveform are at least equal to the ion transit time for 
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ions in the sheath region. When a low frequency A C bias is used, negative and positive 
ions are alternatively accelerated toward the substrate for etching Since the etch alternates 
between negative and positive ions, charge buildup on the substrate surface is avoided 

The structure and operation of the substrate processing system 100 according to the 
5 first embodiment of the present invention will now be described in detail In the present 
embodiment, two semiconductor substrates such as wafers 107 may be placed in a 
processing chamber 108 for etching. The processing chamber 108 is rectangular, and has a 
height, hi, of approximately 25 cm Figure 2 shows a simplified top plan view of the 
reactor system according to this embodiment Referring to Figure 2, the width 202 of the 
10 processing chamber is approximately 60 cm. The depth 204 of the processing chamber 
measured from the outside of processing chamber wall 1 10 is approximately 35 cm The 
plasma generation chambers 102a and 102b are positioned above the processing chamber 
and have an outer diameter 206 of approximately 30 cm for 8 inch wafers (40-45 cm for 12 
inch wafers) The plasma generation chambers are separated by a distance 208 of 
15 approximately 28 centimeters from center to center for 8 inch wafers 

Referring to Figure I, the processing chamber wall 1 10 is grounded The processing 
chamber wall 1 10 provides a common ground for the system and comprises a conductive 
material sue- as aluminum or the like Within the processing chamber is a powered 
electrode 1 12 that acts as a support for wafers 107 or other substrate to be processed This 
20 electrode 1 12 may also be made in part of aluminum. The electrode is supported by a 
ceramic support 113 

As shown in Figure 1, below ceramic support 1 13 is a gas exhaust system 106 The 
gas exhaust system 106 may be driven by a conventional fan, pump or similar device The 
exhaust system 106 has a throttle valve 1 1 5 for regulating the gas flow in the exhaust 

25 system 106 A shut off valve 1 14 is also provided 

The top surface 109 of processing chamber 108 is approximately 3-5 C m above the 
surface of wafers 107. The plasma generation chambers have a height, h2, of approximately 
1 5-25 cm and, as shown in Figure 2, have an outer diameter 206 of approximately 30-45 
cm. Referring to Figure 1, the plasma generation chamber walls 1 16 are made of a 

30 nonconductive material such as quartz or alumina and have a thinness of appro\ima : !y 4 
to 6 millimeters. The plasma generation chambers are covered by lids 1 1 7. The generation 
chambers 102a and IP . are separated by a partition 118 comprising a thin (approximate' 
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1/16 inch thick) sheet of aluminum The partition may be an integral part of a safety cage 
that encloses the generation chambers and the induction coils to prevent radiation from 
entering the surrounding environment For purposes of clarity, the safety cage is not shown 
in Figure 1 

5 A gas supply system 104 is provided above the plasma generation chambers 102 In 

the center of each chamber is an input pipe 120 that provides gases (such as oxygen, SF 6l 
CHFCL, argon or the like) to the plasma reactor chambers The gas supply system 104 and 
the gas exhaust system 106 cooperate to maintain a gas flow and pressure in the generation 
chambers that promotes ionization given the strength of the induction electric field For a 

10 SF 6 /Ar gas based process (i.e., silicon etch), pressures in the range of 5-20 millitorr are 
used, with 7-10 millitorr being preferred. In the first embodiment, SF 6 gas is provided to 
each generation chamber at between approximately 10 to 50 standard cubic centimeters per 
minute, with 30 standard cubic centimeters per minute being typical. In addition, about 100 
to 200 standard cubic centimeters of argon are provided to each generation chamber The 

15 pressure in each chamber is maintained at less than about 30 millitorr with a pressure in the 
range of about 7-10 millitorr being typical. It is believed, however, that total flow rates 
from 50 standard cubic centimeters per minute up to 300 standard cubic centimeters per 
minute may be used effectively in this embodiment 

The induction coils are connected to fir>! t . - wcr sources 150 through conventional 

20 impedance match networks (not shown). In the present embodiment, the induction coils 
124a and 1 24b each have three turns The induction coils 124a and 124b may have a 
conductor diameter of approximately 1/4 inch, and be separated turn-to-turn by about 3/8 to 
5/8 of an inch from center to center Thr diameter from the center ofcach coil on one side 
of a plasma generation chamber to the tculcr of the coil on the other side of the plasma 

25 generation chamber is approximately 13 inches for 8 inch wafers (about 15 inches for 12 
inch wafers) In this c abodiment, the center of the middle turn of the induction coil is 
approximately 8 cm from the top of the plasma reactor chamber for 8 inch wafers, (about 12 
cm for 12 inch wafers) and approximately 3-5 cm from the top of the processing chamber 
108 This allows a plasma to be generated and substantially confined near the surface of the 

30 wafers 107. The center of this middle turn is positioned approximately 12 centimeter from 
the wafer surface for 8 inch wafers (about 16 cm for 12 inch wafers) 
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In the first embodiment, the induction coils couple energy into the plasma generation 
chambers 102 during high power cycles to produce a plasma. During high power cycles the 
induction coils produce a circumferential electric field in the plasma generation chambers 
that is substantially parallel to the wafer surfaces The electric field produces a plasma in 
5 the plasma generation chambers. The density of the plasma reaches a peak in the center of 
an annular toroid During low power cycles for the induction coils, the plasma sheath 
collapses and the plasma expands coming closer to the chamber walls and wafer surfaces 
The power applied to the induction coils 124 is pulsed with a small duty cycle to 
reduce charge buildup on wafer surfaces (which may include mask layers) Figure 3 shows 

10 an exemplary power signal waveform 300 that may be applied to the induction coils in the 
system of the first embodiment This power signal couples sufficient power into the plasma 
to build up and maintain a desired ion density, while allowing free electrons a "settling" 
period during which they can cool. This pulsing technique produces a plasma with much 
lower average electron thermal energies than would be possible with a non-pulsed (e.g. a 

1 5 continuous RF) signal of the same amplitude The lower average electron energies reduce 
the number of excess electrons that can overcome the plasma sheath voltage and accumulate 
thereby charging up wafer surfaces As the plasma cools, the sheath potential decreases 
which allows the plasma to expand closer to the wafer surface thus better neutralizing 
accumulated charge. 

20 Referring to Figure 3, the high power cycles 306 comprise a series of RF pulses in 

the present embodiment, RF power at 13.56 MHz is used during the high power cycles 306, 
although it is believed that frequencies from 2 kHz to 40.68 MHz can be used effectively in 
system 100. The induction coils 124 couple power into the plasma during the high power 
cycles 306. The remaining portion of each period comprises a low power cycle that does 

25 not couple significant power into the plasma. Of course, a low power RF signal may be 
applied during the low power cycles The low power cycle should provide no more than 
several times less power to the r - -;ma than the high power cycle, preferably at least 10 to 
100 times less. During low power cycles the average electron thermal velocity decreases 
Preferably the high power cycles are substantially shorter than the low power cycles as 

30 reflected in the duty cycle of waveform 300. The duty cycle of waveform 300 is the period 
of the high frequency cycle 302 divided by the total period 304. The present embodiment 
has a duty cycle of about 10 percent It is believed, however, that duty cycles ranging from 
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about 5 percent to 30 percent may be used effectively in the first embodiment The 
minimum duty cycle is limited by the energy required to maintain the plasma and depends 
upon a variety of parameters including the chamber pressure, amplitude of the pulses, 
number of turns in the induction coil, and frequency of the RF power The RF pulses in the 
5 high power cycles 306 preferably have a magnitude of less than about 10 kilowatts The 
average power provided to the plasma is less than or equal to about 2 kilowatts In 
alternate configurations, the amplitude and duty cycle should be selected to provide a 
desired average power (which typically ranges from 200 watts to 2 kilowatts) 

The duration of the low power cycle ranges from about 50 to 500 microseconds 

10 The maximum duration is typically limited due to the power required to sustain the 

discharge If some power is applied during the low power cycles, their duration may be 
increased In addition, when higher amplitudes are used during the high power cycles, the 
duration of the low power cycles may be slightly increased The density of the plasma 
typically decreases during the low power cycles with a time constant on the order of 0 1 to 1 

15 millisecond, so the ion density typically does not decrease excessively during the low power 
cycles 

In an exemplary embodiment, the high power cycle duration is 100 //s and the low 
power cycle duration is 600 /is. During the high power cycles, a 13.56 MHz signal with a 
magnitude of 5 kvv is /plied to the induction coils 124. 

20 Figure 4 shows an alternative power signal waveform 400 that may be applied to the 

induction coils 124 in system 100. As with signal 300, signal 400 uses high and low power 
cycles to produce a plasma in the plasma generation chamber. Rather than using multiple 
high frequency sinusoidal pulses during the high power cycle as in Figure 3, signal 400 uses 
a single pulse during each high power cycle as indicated at 402a and 402b in Figure 4 Each 

25 pulse applies a time varying current to the induction coils 124 which inductively couples 

power into the plasma. As shown in Figure both positive pulses 402a and negative pulses 
402b may be used The amplitude, frequency and duration of the pulses may be varied to 
achieve desired plasma properties. The amplitude of each pulse typically ranges from 1 kV 
to 20 kV, the frequency typically ranges from 1 kHz to 10 kHz, and the duration of the 

30 pulses typically ranges from 50 //s to 500 ,us The duty cycle is determined by dividing the 
dui.-ition of the high power cycle (indicated at 404a) by the total period (indicated at 406a) 
The duty cycle of the high power cycle typically ranges from 5% to 30% In the system of 
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the second embodiment, the pulses preferably have an amplitude of about 5 lew, a frequency 
of 2 kHz, and a duration of 70 /zs This provides a duty cycle of 1 4% During the 
remaining portion of perioH 406, no power (or low power) is coupled into the plasma 

Figure 5 is a schematic of an exemplary of circuit 500 that may be used to generate 
5 signal 400 Referring to Figure 5, signal 400 is generated by feeding a square wave from a 
conventional switching power supply 150 through a blocking capacitor 502. Signal 400 is 
applied to the induction coils 124 at node V 400 

The rise time of pulse 402a and the fall time of pulse 402b are determined by the 
amplitude of the square wave and the inductance and resistance of the induction coils 124 
1 0 (which determine the RL time constant) The fall time of pulse 402a and the rise time of 
pulse 402b are determined by the amplitude of the square wave and the capacitance of 
blocking capacitor 502 and resistance of the induction coils 124 (which determine the RC 
time constant) The rise and fall times of the pulses determine the overall duration of the 
high power cycle. As will be readily apparent to one of ordinary skill in the art, the 
1 5 amplitude and frequency of the square wave determine the amplitude and frequency of the 
pulses 

While two exemplary' power signal waveforms 300 and 400 have been described, any 
number of signals may be used in conjunction with embodiments of the present invention 
What is desired is a high power cycle that sustains a plasma discharge with sufficient ion 

20 density for the desired etch rate, and a low power cycle that allows electrons to cool 
without reducing the ion density below the level desired for etching 

Using pulsed power to generate the plasma in the first embodiment helps decrease 
problems associated with charge buildup The low power cycles allow electrons to cool, so 
fewer electrons are initially able to overcome the sheath potential and accumulate causing 

25 charge up on wafer surfa< . In addition, the sheath potential decreases during the low 
power cycles which allows the plasma to expand close to the wafer surface The sheath 
potential is typically 3 to 5 times the plasma electron temperature divided by the charge of 
an electron. During low power cycles, the sheath potent:. ' may decrease to much less than 
a volt. The smaller sheath potential decreases the thickness of the sheath reduces 

30 electric fields near the wafer allowing electrons closer to the wafer surface As a result, the 
plasma is better able to neutralize charge that accumulates in various parts of the wafer 
surface. 
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Despite the low frequency power cycles, the system of the first embodiment achieves 
commercially viable etch rates While the average power applied to the plasma is about one 
to two kilowatts, during high power cycles about 5-20 kilowatts may be applied to the 
plasma During the high power cycles, a sufficient number of ions are generated for 
5 acceptable etch rates The low power cycles are preferably not too much greater than the 
electron/ion, or negative ion-positive ion recombination time constant, so the ion density is 
not excessively reduced during these cycles The low power cycles may also facilitate the 
formation of negative ions During the low power cycles, electrons reach lower energy 
levels. At low thermal energy, electrons may combine with neutral atoms or molecules to 

10 form negative ions As will be described below, these negative ions may be used in some 
embodiments to reduce charge buildup or etch the substrate 

When high frequency power is applied to the induction coil (as described above with 
reference to Figure 3), significant power may be capacitively coupled into the plasma in 
addition to the inductively coupled plasma. See U.S. patent application serial no 

15 07/460,707 filed January 4, 1990, which is hereby incorporated by reference See also U S 
patent application serial no 08/340,696 filed November 15, 1994, which is hereby 
incorporated by reference. The capacitively coupled power modulates the plasma potential 
relative to the wafers At the power levels used to produce a dense plasma, the plasma 
modulation may cause higher energy ion bombardment and degrade the process or damage 

20 some exposed layers on the wafer. As shown in Figure 1, a split Faraday shield i 26 may be 
interposed between the induction coil and the plasma to reduce capacitivc coupling between 
the coil and the plasma Figure 8 illustrates the structure of the split Faraday shield 126 that 
is used in the first embodiment when high frequency power is applied to the induction coils 
124 The shield 126 has vertical slots 128 that start approximately near the top of the 

25 plasma generation chambers 102 and end near the top of the processing chamber 10S This 
allows the shield 126 to be an integral part which =ply fits over the plasma reactor 
chamber. The bottom of the shield 126 may be connected to the top of the processing 
chamber to provide a common ground for the shield 126 

In the first embodiment, the split Faraday shield is designed to allow some 

30 modulation of the plasma potential This design makes il easier to ignite and maintain a 
plasma reaction in the plasma generation chambers Nevertheless, the split Faraday shield 
blocks substantial capacitive coupling and limits modulation of the plasma potent! M to a 
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desired amount (order of magnitude <10 volts) The number and width of slots in the split 
Faraday sh ie ld may be selected to control the level of capacitive coupling and modulation 
The slots 128 in the shield 126 are typically about 3/16 to 3/8 wide The induction coil 124 
surrounds the split Faraday shield around the middle portion 13 1 of the slots For the split 
5 Faraday shield of the first embodiment, there are 8 slots with adjacent slots being separated 
by a distance of about 8 4 cm from center to center 

A second power source 1 52 is coupled to electrode 1 1 2 to accelerate ions toward 
wafers 107 for anisotropic etching. The power applied to the electrode alternates between 
high and low power cycles Figure 6 shows an exemplary power signal waveform 600 that 
1 0 may be applied to the electrode in the first embodiment A strong negative bias is applied to 
the substrate in short pulses 601 Preferably, multiple pulses occur during the average 
transit time for an ion to cross the plasma sheath and reach the wafer surface A typical .on 
transit time is estimated to be about 1 microsecond, and the pulse duration 604 in the first 
embodiment typically ranges from about 0.03 to 0 3 microseconds. In the first embodiment, 
15 the pulses 601 have a frequency in the range of about 1 to 5 MHz Alternative 
embodiments may use frequencies ranging from about 500 kHz to 20 MHz 

Each pulse 601 is followed by a low power cycle during which a low voltage of 
opposite sign bias is applied to the electrode such that the tii average voltage is nearly 
zero In the first embodiment, the duty cycle of the pulses, as determined by the pulse 
20 duration 604 divide," ' y the total period 606 (, e , the combined duration of a high and low 
power cycle), is typically in the range of about 10 to 20 percent Alternative embodiments 
may use duty cycles ranging from about 5 percent to 50 percent The duty cycle that is used 
wit' a particular embodiment will depend on a number of factors, including the desired etch 
characteristics (rate, sidewall profile, selectivity), the acceptable ion bombardment energies, 
25 the amplitude of the pulses, ; -1 other plasma characteristics such as density and plasma 
potential 

Signal 600 has a DC offset 602 on the order of one to two tenths of the absolute 
value of the amplitude of the negative pulses 601 The amplitude 608 of the pulses 601 is 
preferably in the range of about negative 100 to negative 300 volts Alternate embodiments 
30 may use pulses having amplitudes in the range of from about negative 10 volts to negative 
several thousand volts The average ion bombard:- at energy in the present embodiment, 
with three to five megapulses per second, 10 percent duty cycle, and an amplitude between - 
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100 and -200 volts is about 10 to 20 electron volts. This average ion bombardment energy 
(in combination with the low electron temperature and plasma potential) provides a low ion 
energy etch even though the pulses have large amplitudes 

The alternating bias accelerates ions toward the wafers in pulsed waves During the 
5 high power negative pulses, positive ions accelerate toward the wafers Some ions are 

pulsed near the wafer surface without reaching it During the low power cycles, these ions 
drift at constant velocity. Some may exchange charge with other particles or make large 
angle collisions Ions flowing to the surface help neutralize any negative charge that has 
accumulated on elevated wafer surfaces During the next pulse, the remaining ions near the 

10 wafer surface are accelerated toward the wafer for anisotropic etching These ions are not 
deflected into sidewalls as readily as ions in conventional low energy etch processes due to 
reduced charge buildup, the relatively low duty cycle of the pulses used to accelerate ions 
toward the wafer, and the low plasma potential 

The low power cycles may also reduce charge buildup by reducing the electron 

15 kinetic energy and hence the accumulated charge on exposed surfaces In particular, the 
plasma can charge up the wafer surface to a voltage proportional to the electron 
temperature during periods when the inductively coupled power is in its low power cycle 
A variety of alternative signals may be used to provide a pulsed bias on electrode 
1 12 For instance, a slightly positive DC bias of several volts may be used during the low 

20 bias power cycles to attract negative charge to neutralise the positive charge that lias 
accumulated in the depths of recessed wafer features Alternatively, a short low power 
positive pulse 610 may be applied to the electrode after each high power negative pulse 
The positive pulses would last for only a small portion of the low power cycle to attract 
negative charge which builds up on recessed features of the wafer Any posi: • changes 

25 would also be briefly repelled with minimal effect on ion motion During the unbiased 

portion of the low power cycle, any remaining charge would be neutralized An amplitude 
of less than about 10 volts and a duration abo 1 equal to the duration of pulses 601 may be 
used for these positive pulses in the first embodiment 

In the first embodiment, the power from the second power source is applied to the 

30 electrode 1 12 using a very low inductance and stray capacitance conductor. This low 

impedance connection causes signal pulses to be undiminished by the transmiss:- \ between 
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the electrode 1 12 and source This low impedance connection may be important to. ensure 
that the signal pulses produce the desired bias on the electrode 

An alternate embodiment may be configured to use negative ions as well as positive 
ions for etching. Negative ions tend to be formed when electrons in the plasma have low 
5 average energ.es The electrons tend to recombine with neutral atoms and molecules which 
are more abundant in the plasma than positive ions A low (or zero) power should be 
applied to the induction coils dunng the low power part of the cycle to promote the 
formation of negative ions Positive and negative ]0 ns may be used for etchmg by applying 
both negative and positive biases to the wafer If the plasma potential is too Wgh, however 
1 0 the negative ion density will be too low to contribute significantly to etching 

When the inductively coupled power is adjusted to produce a plasma with a large 
number of negative ions, a lower frequency sinusoidal power signal may be applied to 
electrode 1 12 to alternatively accelerate positive and negative ions toward the wafer 
surface Figure 7 shows an exemplary signal 700 As shown in Figure 7, signal 700 has 
15 both positive and negative portions relative to DC offset 701 (wruch is preferably zero) 
Positive ions will be accelerated toward the wafer dunng portions of the s.gnal having a 
negative voltage, and negative ions will be accelerated toward the wafer during portions of 
the s.gna! having a positive voltage. Thus, both positive and negative ions may be used for 
etchmg. Signal 700 has a frequency of about 50 kHz to 1 Mis., although other frequences 
20 may be used as well. The signal does not have to be symmetric about DC offset 701 It may 
be des.rable to have a longer ncga> bias with a larger amplitude if there are more positive 
■ons available for etching A self-bias develops in this case. In addition, the negative and 
positive pulses may be separated by a period having no bias to ,"ow charge to neutralize on 
the wafer surface A -rnatively, a square or triangular power signal waveform with both 
25 negative and positive portions may be used to accelerate positive and negative ions for 
etching. 

While this invention has been described and illustrated with reference to part: 'a, 
embodiments, it will be readily apparent to those skilled in the art that the scope of the 
present invention not limited to the disclosed embodiments but, on the contrary. is 
30 intended to cover numerous other modifications and equivalent arrangements which arc- 
included within the spirit and scope of the following claims 
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Claims 

What is claimed is 

1 . A plasma reactor for anisotropically etching a semiconductor substrate comprising: 
5 a reactor chamber for producing a plasma, 

an induction coil surrounding at least a portion of the reactor chamber, 
a first power source coupled to the induction coil such that the induction coil 
couples power into the plasma using both high power cycles and low power cycles, 
the substrate being positioned adjacent to the plasma, and 
10 a second power source applying an intermittent bias to the substrate to accelerate 

ions toward the wafer for etching 

2 The plasma reactor of claim 1 wherein the plasma has a potential and an ion density, the 
potential of the plasma is substantially larger during the high power cycles than during the 
15 low power cycles, and the ion density of the plasma during the high power cycles is within 
an order of magnitude of the ion density of the plasma during the low power cycles 
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REDUCTION 01 SEMICONDUCTOR 
STRUCTURE DAM ACE DURING REACTIVE 
ION ETCHING 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention generally relates to the manufacture 
of semiconductor devices and, more particularly, to the 
performance of reactive ion etching and the reduction of 
damage to semiconductor wafers and earlier formed struc- 
tures during reactive ion etching. 

2. Description of the Prior Art 

Scaling of electronic element structures to smaller sizes in 
semiconductor integrated circuits having increased integra- 
tion density (to obtain improvements in propagation speed, 
noise immunity and economy of manufacture) has increased 
the critical it y ot many water processing operations. At t he- 
same time, there has also been a trend to increase wafer size 
to permit process costs to be spread over an increasing 
number of chips which may compromise the accuracy with 
which processing can lie performed. For example, reactive 
ton etching is generally considered to be a relatively rapid, 
■ we 1 1 -con l rolled process useful at numerous stages of inte- 
grated circuit manufacture but has presented criticalitv 
which has compromised manufacturing yields in modern 
integrated circuit designs. 

During reactive ion etching, a plasma generated by radio 
frequency (RF) electric field energy and confined by a 
magnetic field (to increase plasma density and allow reduc- 
tion of RF energy and bias) is used to develop charged 
species (electrons and ions). An etchant is introduced into 
the chamber 15 and ionized and the ions are accelerated 
toward a wafer by an electric field to etch the surface thereof 
in a manner well-understood in the art. The speed of the 
etching prucess and ! ht> <nghput of the apparatus in which it 
is conducted is dependent on the densiiv of the plasma 
adjacent a particular regit mi of the wafer and it is generally 
desirable lo form a plasma with a high densiiv of charged 
species, fly (he same h : u. however, the density of plasma 
to which tlie wafer is exposed must, at least on average, be 
substanlially uniform to achieve the same etch rate at all 
points on the wafer surface partieularlv for very large 
diameter wafers. 

Reactors tor the perform.! 1 c of reactive ion etching must 
accommodate at least o», ^.d'er and thus are of siiflicieni 
size to allow local variations and nou-uniformity in density 
Ot the plasma. Therefore, it has become the practice to use 
a rotating magnetic field above the wafei localise the plasma 
to be repeatedly swept across the surface of the wafer to 
increase uniformity of exposure of the wafer to ilu plasm. i 
even when the plasma densiiv is not uniform. 

I low ever, both increase in size of reactor chambers to 
accommodate larger waters and increases in process crit i- 
cahly as electronic elements are scaled to smaller sizes has 
resulted in damage to wafers due lo plasma non -uniform it v 
becoming a signilicaui factor in manufacturing viekl. At 
larger reactor or water sizes, a magnet ion effect causes a 
gradient of plasma density across the wafer. The gradient of 
plasma density, in turn, produces a variation of pfoana 
potential across the wafer because of the tendency of ener- 
getic electrons from the plasma to drift in a direction 
perpendicular to both the magnetic field and the electrical 
held, referred to as the E.\T> dr ift. This dr ill of electrons 
causes additional ionization which produces further ener- 
getic electrons to contribute to the electron drift and further 
contribute to the gradient of plasma density across the wafer 



It can be understood thai this effect will increase for larger 
reactor and wafer sizes and can become great enough to 
damage thin gate oxide films in FET arravs at id other 
structures which become very thin when scaled to smaller 
sizes tor higher integration density. 

On the other hand, if no magnetic field is used lo increase 
plasma density, an increased bias voltage of about 1 KV or 
higher is necessary to ma in l a in a sufficient density of plasma 
above the wafer for reactive ion etching to proceed at an 
acceptable rale. However, this large bias voltage is sufficient 
to cause X-ray damage to oxides and lattice damage to the 
wafer. There h ue. it is the practice to use both a magnetic 
held and reduced electric held bias for reactive ion etching. 
However, the E\F> drift (and its effect on non-uniform 
plasma density) is, of course, a function of both electrical 
and magnetic held strength or intensity and the plasma 
density developed, which, for a given reactor or wafer size, 
effectively places a limitation on the magnitude of both the 
electrical bias and magnetic held which can be used, limiting 
throughput of the reactor. 

An article entitled "Reduction of Charge -up Damage in 
Magnetron RIE" by Vukimasa Yoshida, published in Elec- 
trochemical Society Proceedings, Vol Os-S, pages 2.V1-2-EX 
reports that uniform magnetic fields near the wafer surface 
cause damage and thai damage can he reduced by using a 
non-uniform magnetic field in a magnet ron RIE reactor 
using a rotating plurality of permanent magnets to obtain 
increased uniformity of plasma density and plasma poten- 
tial. However, permanent magnets do not allow the magnetic 
held to be varied to optimize the plasma density or magnetic 
held gradient in accordance with desired manufacturing 
process parameters and require substantial mechanical sup- 
pott and mechanisms to rotate them and, hence, are imprac- 
tical for integrated circuit production. On the contrary, RIE 
reactor's which have become standard in the industry gen- 
erate rotating magnetic fields by applying carving currents 
to stationary coils in a s; ^cuce to provide a totaling 
magnetic field. Such arrangi merit do not readilv lend them- 
selves to the sin hi I ta neons product ion i »f a rotating magnet ic 
field which is also non- -uniform since anv variation of coil 
geometry which would create magnetic held non-uniformity 
would be superposed with other non-uniforniit ies from other- 
coils as the magnetic field was rotated. That is, the gradient 
in magnetic lie Id strength which might be developed for one 
coil would not lv maintained for a plurality of coils ener- 
gized by currents of differing phase to obtain field rotation. 
Further, since the coils currently existing in current com- 
mercial reactors constitute an expensive component thereof, 
alteration of coil geometry is not economically feasible to 
obtain a suitable non uniformity of a magnetic held which 
must also folate. 

SUMMARY Ot THE INVENTION 

Ills tile reh Me an object of ihe pi\.^ ut invent ion to provide 
a total mg non-u ui form magnetic field in whu h the magnet ic 
field is reduced in the direction of I \ I > diib : reactor for 
reactive ion etching processes. 

It is another object of the invention to provide reduction 
of charge -up damage. X-ray damage and wafer lattice dam- 
age d- 1 ring reactive ion etching, particularly in large reactors 
or f ' ■ !a rge wa fees. 

It is a further object of the invention to reduce throughput 
limitations imposed by magnetic and electric held strength 
and resultant gradients in plasma density and plasma poten- 
tial due lo ExM electron drift. 

It is another fun her ohjeel of the invention lo provide for 
increase of RF' wafer electrode [lower without causing 
increase of plasma density or non -uniformity above the 
wa fei . 
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ll ts yet another object of the invent it mi to provide 
increased plasma density and uniformity a I a given Rl 
jn iwlt and bias. 

in order It) accomplish these and other objects of ihe 
invention, a method of manu facluring is provided including ^ 
the steps of forming a plasma including electrons and 
charged species, applying an electric field across the plasma, 
and confining the plasma with a variable magnetic field 
having a gradient of field strength which decreases in the 
direction u| drill of electrons in response to the electric lie Id 
and magnetic field developed in response to currents in a 
plurality of coils. 

In accordance with another aspect of the invention, an 
apparatus is provided for plasma processing of a material 
including a source of R| power to produce a plasma, at least 
three elect rom ague is including respective current drivers 
the re tor, a function generator for producing a waveform 
including a fundamental frequence and at least one har- 
monic of the fundamental frequency, and an arrangement for 
providing the waveform to respective ones of the current 
drivers at respective times to produce a rotating magnetic v ' 
held which is asymmetric and decreasing in intensitv in the 
direction of I \l! drift of elections in the plasma. 

In accordance with a further aspect of the invention, a 
method of operating a plasma processing device having a 
plurality of electromagnets and a source of Kb power to _\> 
provide a plasma ts provided including the steps of ener- 
gizing Ihe plurality of electromagnets asymmetrically to 
produce a magnetic field hav ing a gradient of magnet ic field 
intensity decreasing in a direction of I . y I ! electron drift with 
a waveform including a fundamental frequency and al least . (j 
one harmonic ot the lundamental frequency, and adjusting 
relative magnitude ot the harmonic relative' to the funda- 
mental frequency. 

liKII I 1)1 SOKU'I'ION n| Mil. UKAWINOS 



ment of an exemplary reactive ion etching (RIL) reactor 
vessel or chamber 15, shown in plan view m I K IS. 2 A, 2 H. 
3A. 3H, 40 anil 6. It is to he undersiood thai while the 
invention will he described below in regard to a reactive ion 
etching process, plasmas are also employed in many other 
processes which may be involved in the manufacture of 
semiconductor e led nunc devices such as plasma enhanced 
chemical vap< »r dep< tsition (l»L( A'l )). Since ihe hchavii >rs of 
charged particles in electric and magnetic fields are inde- 
pendent of the purpose for which the plasma is developed, 
the invention is applicable to the control of plasmas used in 
processes and apparatus other than for reactive ion etching 
in which uniformity of plasma density and potential are of 
importance. 

It is also to be understood that while the coil geometry 
illustrated in I K.i. 1 represents tools now in use, no admis- 
sion is made that any portion of I Ki. I is prior art in regard 
to the present invention. In particular, the magnetic fields 
and motion thereof producible bv such geometry is depen- 
dent on the electrical currents in the coils (e.g. 
electromagnets) and the manner in which the coils are 
connected to current drivers (e.g. l )0 of IK i. 31!) which are 
not depicted in HO. 1 and, as will be discussed below, the 
invention dilters significantly Irom known techniques of 
driving the arrangement of I hi 1. 

Specifically, the arrangement of I'Ui. I includes four 
generally rectangular coils 10, 20, 30, 40 located with axes 
on or parallel to (e.g. above) orthogonal diameters of wafer 
50. ( \m vent ionally these coils are connected in pairs 
(general ly in series s< i that currents in each c< ul of a pair will 
be identical to each other) having a common axis. Thus, 
when a pair of coils is energized, as illustrated in I IO. 2A, 
a relatively uniform llelmholtz. magnetic field I 6 is devel- 
oped across wafer 50. (In I K .S 2A, 2H, 3A, 31! and 6. 
winch a i e a I! i a ken a long sect ion line 2 2 of ! I ( i . 1 , cu i rent 



in i i spi i 1 1 



d 1^'s 1l„ II/, \ \ t IV, M„ IV, u„ 



Ihe toiegomg and othei olnecls, aspects and advantages 
will be heller nude (stood bom the following detailed 
desctipt ion of a preferred ei i ibod i me nl of the in v e i il ioi i w ii h 
ret ere nee to ilk drawings, in which: 

HO I is a schematic perspective view of an exemplary 
multiple slationarv coil a i range 1 1 u nl in a commercial icac- - h 
1 1 ve ion e Icl 1 1 1 !g Ceacli u , 

I- 1< iS. 2 A and 21! sh' iu cr« >s>. sections of the arrange no. 1 1 1 
of 1IO. 1 .it section 2 2 thereof and magnetic fields 
produced thereby at two slightly separated limes during 
c< uiveul iona ! * >pc rat ion . -\r 

I IO 2( shows current waveforms for producing the 
magnetic fields shown j M IIOS. 2A and 2)1. 

IK IS. 3 A and 31 ! s| |, ,w en iss-sect i> uts of ihe an angeinent 
of lit i I al section 2 2 llieiVot' and magnetic fields 
produced theiJw al Iwo shghllv sepaiated limes dining ^ 
operation in accoidance with the iu\ cut ion , and 

I IOS 4,\ and 41! show wavelorms used in ikVnaLukv 
with the invention for respective v,i ii at tons of ope i a 1 ion of 
the i nve ni ion, 

I K e 4( ' show s a en >ss sect ion ot the a rrangemen I of I I C i 
I and illustrate - the magnetic held produced in the wave 
foim of 1 |( ;. ! 

II < In. 5 A a lid 51". slu >w 1 1 1 1 tiler v ai iant w ave tonus u fu ! 
in the pracl ice i >( ilie tnv ent i- ■ i k and 

IK I. <> shows a en -ss- sec I ion of the arrangeuie ul of M( i 
I al section 2 2 ttieieof and magnetic fields pioduccd 
ihe re by in accoi da irx with the w avefonns of I l(i 51! 

1)1. I .Ml I I) Dl S< KIP IK )N ol A I'UI I I UKI.I) 

I..Mi;nt)|MI,N f Of I III. !N\ I.N HON h , 

Kcfciriug now to the drawings, and more particularly to 
Ihe l.lhcic is shown in perspective view the coil ai range 



and !4/o,f coils 10. 20, 30 aiul 40. k -pe clivOv. is i Must rated 
by the con veil I ion of a cross indie:' a current into I he 
plane o( | he page and a circle, iiklicaiii.g a current out ot the 
plane of the page ) 

Since an electric field L(HO. !) is pioducee! toward the 
wafer (into the page in the lop section shown in !'l(i. 2 A 
along the section lie. ^ 2- 2 shown in HO 1) h_\ the 
I'ectilicalion effeel of the plasma and capacitance of the Kb 
powei sou ue. energetic electrons will drift in a direction 
perpendicular to both I lie- electric held and the magnetic 
lie Id. flu's effect is | bus referred to as a IAI! drift, 'file b.\T. 
drill will be in the direction shown, resulting in further 
ionization of the plasma and a gradient of plasma density 
and pla-aua potential across the waleg as alluded to above. 

When both pairs of coils are cnergi/cd (but at a [educed 
cur: e nt i f -.i ma -.i u\ la I ly varying currents sepal a ieel in phase bv 
n (f aie used, as is conventional and ilhistiaied in I K i. 2( '). 
a sim dag si i hsi a n t i a 1 1 v uniform magnetic field is produced 
across I he water winch is rotated 15° coiiuie c-c lock wise 
from that of HO. 2A as shown in HO. 21!. (It should be 
noted honi 1 IO. 2< ' that currents I and 3 and 2 and 4 arc 
inverted with respect to each other < 'on vent ioua II v 
I he re h >tc, these in*. . ■ u »ns are ach icv ed b\ u >m tecO >u of ! he 
respective coils ol a pair aiiel ou!\ two cuiienl ehiveis are 
used. I our wavel'oinis are ilhisiialcd in I lo 20 to ob-.^rve 
it lent ical ci nmecth >n con vent ions foi all four coi N in oi\ler to 
tacil i la te comparison with vv a v e l* wins u t i li/ed m ] lu pracl ice 
of i he invent i« mi.) 4 'he 1 ■ \ I ! drift el ii eel ion is sun i!ai I v iota tee I 
in Ihe sat ue diiection and by ihe same amount m > \ hat further 
ionization will oevtir aiut cause ihe grad' / ot plasma 
densiiv and plasma potential which may Ca< ... damage on 
the water as alhulet I to abi ,ve . 
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However, it" t lie coils arc not driven in pairs and adjacent 
coils are energized as shown in FIG. 3 IT the magnetic tic Id 
16' is substantially changed and a gradient of magnetic held 
strength or intensity is developed such that magnetic held 
strength decreases in the direction of Ex I? drift. It will be 
recognized that the energization illustrated in FIG. Mi is t he- 
same as that for coil legs IF/, lib \2n and \2b of FIG. 2A 
but with no current in the other two coils. Thus, with only 
two adjacent coils energized which are asymmetrically 
arranged within the reactor and relative to the wafer 
location, a gradient of magnetic field strength will be pro- 
duced across the water in which the magnetic held strength 
decreases in the direction of ExR drift. Thus drift of ener- 
getic electrons and further ionization will fie compensated 
by reduced confinement of the plasma in the direction of 
ExR drift and plasma density and potential will become 
more uniform across the wafer. 

It should be appreciated that the presence of the average 
magnetic held continues to confine the plasma allowing 
reduction of bias while the non-unifoimitv of the magnetic 
held increases the uniformity of the density and potential of 
the plasma entirely independently of rotation of the mag- 
netic field. The fact that uniformity of the plasma density is 
increased independently of magnetic field rotation is impor- 
tant to determining the magnetic field gradient and harmonic 
content to be optimum for the parameters of a particular RIF 
process, as will be discussed below. 

It should be noted that FIG. 3 A corresponds to FIG. 2 \ 
which produces a uniform magnetic held. If the energization 
pattern of FIG. Mi follows that of FIG 3 A, the magnetic 
held will rotate in the same manner as described above in 
regard to FIGS. 2 A and 2\i and will also varv between states 
ot being substantially uniform, during which time a gradient 
of plasma density and potential will develop, and having a 
gradient <>l magnetic field strength decreasing in the direc- 
tion tit F\-|-i drift, during which time lite plasma density and 
potential will tend to become more unih Tin. Wink iln\ is tint 
the pre! erred method of operation of [lie invention, it should 
be noted that opera! ton in the energization sequence illus- 
trated in F!(iS. 3A and 3 P. will cause the gradient of plasma 
density and potential to fluctuate and, on average, !o he 

Such a mode of operation could potentially provide 
overall increase ot uniformity of average plasma exposure in 
some cases but since ionization due to I \l > drift develops 
very rapidly (milliseconds or fractions of milliseconds) 
relative to the maximum speed of held rotation (about 
one-half second per cycle due to the large inductance, eddv 
currents and the like winch are presented bv huge ecu' Is and 
yokes and conductivity of the reactor vessel 15 in KM, lonls) 
the ability to increase Rf "power and tool throughput without 
water damage wt mid n< >t he < *pt iuia II v achieved. 1 \\ the same 
token, il should be understood that FIG. 3 A is also fairly 
representative ..if a relatively uniform magnetic held which 
would ha i! •'. utly occur as the energization pattern of FIG. 
Mi isswii. ' I horn cornet to corner to rotate the magnetic 
field, as be described below, due to the Same induc- 

tances and eddy currents which limit speed of field rotation. 
However, in this latter case, the magnetic field is somewhat 
less uniform during switching and maximum magnetic field 
uniformity occurs so transiently that Rl power can be 
increased significantly and throughput of die reactor can be 
subsiant ia f ly increased without wafer damage. 

In the p re ten eel mode of ope rat ion, the csscnli.*' feature of 
the driving current waveforms to develop a non-uniform 
magnetic field 1.6' which decreases in strength in the direc- 
tion of EnM electron drift is to drive adjacent coils with 



opposite currents in sequence at each corner of the reactor. 
That is, with reference to FIG. Mi, when adjacent pairs of 
coils 10 and 20, 20 and 30, 30 and 40, 40 and 10 arc driven 
in sequence with opposite currents, the non-uniform mag- 
5 netic field pattern 16' illustrated in FIG Mi develops a 
plasma of improved uniformity of density and potential 
across the wafer and, additionally, the magnetic held can be 
made to rotate around the chamber to sweep the plasma 
across the wafer surface to further improve uniformity of 
10 average exposure to the plasma bv averaging exposure of t he- 
wafer to any variations in plasma density which remain. 

Further, referring briefly back to FIGS. 2 A and 2tt and 
recalling that the use of sinusoidallv varving currents result 
in a substantially constant and uniform magnetic field, 
] - increasing the harmonic content will also beneficially 
increase magnetic field no n -uniformity in a repeated time- 
varying manner as the non-uniform held of FIG. 31.5 is swept 
around the chamber and will thus increase both plasma 
density and uniformity of plasma potential to which the 
-° wafer 50 is exposed. That is. increased harmonic content as 
shown in FIGS. 4 IS, 5 A and 5H will cause a beneficial 
increase in magnetic held non-uniformity during each phase 
of magnetic held rotation and further, will effectively cause 
a faster held rotation to be superimposed on magnetic field 
— rotation at the fundamental frequency. Thus increased har- 
monic content shown in the waveforms of FIGS. 4H, 5 A or 
5H develops a combined non-uniformity of magnetic field 
which further increases uniformity of average wafer expo- 
sure to plasma density and potential. 
~ [> In any event, some increase of harmonic content in 
addition to the fundamental magnetic field rotation fre- 
quency is preferred and must be provided to obtain asym- 
metric energization ot coils in the manner discussed a ho ve- 
in regard to FIG. 3 IT The number and magnitude of the 
included harmonics can be readily modified by filtering, 
digital wave form generation (e.g. a function generator 70 of 
1 !< '<. 311) or other techniques wh ich will be apparent U > those 
skilled in the art in view of this description of the invention. 
4li thus, an extreme case of the preferred mode of operation 
ol the invention is illustrated in FIG. 4A in winch a square 
wave where the current is zero on alternate cycles is applied 
to each coil with a phase offset of ( )()° (achieved with delays 
SO or a plurality of waveform generators schematically 
} ^ indicated at 71), corresponding to the four coils shown, 
bclueen each pair of adjacent coifs. That is, when current 1 
is applied to coil 10, current 2 is applied to coil 20, current 
3 is a pi) lied !o coil 30 and cmr ■ \ is applied to coil 40, 
during period 110. the currents > tgnctic fields are as 

shown in Fl< i. 311, linking coils ; 20. Similar! v, during 

period 120. the shape of the magnetic held will be of the 
same shape but will link coils 20 and 30. during period 130 
the magiKlic held wilt again be of the same shape but vwll 
link coif. ':S and 40 and during period 140, the magnetic 
ss t'e'd 1 <>' v. ill still remain the same shape but will link coils 
-V-> and 10. A different phase offset would, of course, he used 
tor a greater or lesser number of coils. 

In tin- manner, the non-uniform magnetic field 1.6' can be 
made to rotate about the center of the coils and across the 
,„■, wafer. The held strength will also fluctuate during each of 
periods HO. 120, 130 and 140 due to the inductance of the 
coils and harmonic content of the driv ing current and will, 
in a rcpcatablc manner, increase average uniformity of 
plasma density across the wafer. 
o5 In this latter regard, it should be understood that the 
current waveforms of FIG. 4 A are an extreme and idealized 
case of the preferred operation of the invention with rnaxi- 
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harmonic content which may not he required I* »t 
maximum uniformity of average plasma exposure across thc 
wafer an J may he difficult to achieve in view of ihe large 
eddy cunv nls produced hy ihe ends 10 40 and the coikIuc- 
tivc chamher. Reducing the rise and fall slew rales of the 
current drivers 90 as shown al 150 of I I( i. 4A also reduces 
harmonic content and it is expected that die practice of the 
invention will he optimi/ed hy regulation of the harmonic 
content of ihe applied waveforms. 

As indicated ahove, the invention provides for improved 
uniformity of plasma density independently of magnetic 
field rotation and harmonic content can he opiimi/cd and the 
etching tool calihrated hy interpolation among results of ; ( 
small inunher of etching (or other) processes performed 
without magnetic field rotation followed hv inspection to 
determine resulting plasma exposure uniformity. 
Alternal ively, the invention can he practiced to advantage if 
the net current in adjacent legs (e.g. 12^ and 1 1/>) of adjacent 
coils is ahotil or mote than 1.5 times the net current in anv 
two adjacent legs of any other two adjacent coils [o assure 
a sufficient degree of asv m n let rv to cstahhsh a gradient of 
magnetic lie lit strength a how ihe area where etching or 
other plasma process is to he performed, l or example, the 
waveforms of lit i. 4 would provide a net current m adjacent 
legs of adjacent coils which is twice ihe net current in anv 
other adjacent legs of any other adjacent coils. 

As a perfect ing leattue of the inveuto u) (which can also he 
considered as an adjustment of the harmonic content of the 
driving waveforms) all four coils (or more if provided) can 
he simultaneously driven. That is, the current m some coiLs 
need not he Zero when other coils are driven. It is onlv 
ficccssary to the successful piactice of' the invention thai the 
driving of the coils develop a magnetic field with sufficient 
asymmetry to cause a gradient of magiiclic field strength 
which decreases in the diiechon of ! . \ I dull to reduce 



of the invention, the applied Rl power applied to form the 
plasma may he modulated either in graded or discrete 
regions of the water or throughout the reactor in synchro- 
nism Willi alteration of magnetic field strength, as indicated 
al 100 of 1 Ki. .Mi to make water hias more uniform as 
current is shifted from one pair of coil legs to ihe next. Thai 
is, when the magnetic field is decreased during switching of 
the energization waveforms, the KI power is decreased to 
maintain constant wafer hias potential since wafer hias will 
lend to increase when the magnetic field decreases. 

for some plasma process parameters and tools, it mav he 
desired to increase the magnetic held gradient hcvonci that 
availahle from the waveforms of ll(i 4A as discussed 
ahove. 'lb increase the gradient, the waveforms of ll( i 4!i 
can he modified to ctlcctivclv reverse the sense of' the lower 
level driving current in the variation of I'K.iS. 41! and 4C as 
shown in I K IS 5li and 6. 

In I his case (which corresponds to an increase in harmonic 
content), the magnetic field 16" can he reduced to zero and 
even reversed at a location within the chauiher 15 and 
potentially ahove the u a fer a It hough it is considered pref 
crahly to limit the location of field reversal to locations 
heyond the edge of the wafer. Such an arrangement provides 
for dispersal of ihe L\ II drift as indicated hv arrow's hxl!' 
which turlher reduces ionization due lo energetic electrons 
to an even greater degree than in other variations of the 
invention desenhed ahove. K\ power is reduced in order to 
make the wafer hias more uniform as the magnetic field 
changes. R| power modulation is particularly dcsirahlc 
when the currents reduce the magnetic field confining the 
plasma to zero at a location a hove the wafer. 

In view of the foregoing, it is seen that the invention, hv 
providing ft m' an asymmetrical magnet ic field w ilh a gradient 



til 1 Held sll'eiiglh dccicaMng in me iinccliou oi i..\f ; elects mi 
drift provides numerous techniques f >r optimizing unifoi- 
m it \ of plaMi u de n'->!t \ , plasma potent i,il and w a fee hi .is for 
particular plasm i process parameters such as pariicular 
gases and pivssuies in a manner which is independent of 
magnetic field rotation This allows R| power to he 
increased and or modulated in sv nchi'on ism wilh \ a ii.it ion of 
magnetic field strength to iii 1 1 1 1 e i" iucu.r-A u n i I oi , 1 1 1 [ \ of 
wafer hias and loo I lluoughput w tthout. damage to the w a ler 
or delicate struclu re n thereon. I 'urther, foi a given K I power, 
hias and pressure, the invention provides iikm ased effi- 
ciency of too! ope lalion since plasma detisiis can he- uiavi- 
111 IZeel ov ei a git ;>K i a lea. 

W'hde the invention has heeii desenhed in lum^ of a 
single pie let led emhodimeill, I hose skilled m the ail will 
recognize' that the invention can he pntcliccd wilh 
modi ticat ion, such as including more or fewer coils sym 
melncallv arranged around (Ik wafer or a plui.ilits of 
wafers, within the spirit and scope of ihe appended claims. 

1 lav ing thus desenhed m v invenlit mi, w hat ! claim as new 
and desire to secure hv I ct let's Patent is as follows: 

1. A method of manufacturing, inc I Deling the steps of 

I on ii tug a plasma including electrons and charged 
species, 

applying an electric field acioss ihe pfoaiu, and 
confining ihe plasma wilh a vari.iMe magnetic field hav- 
ing a gradient of held stienglh which decreases m the 
.direction of drill of electrons in i"esp of ;->e to .;i ; .' ' -fia'c 
tie 111 and said magnetic field and vv hen. in said - ■ .-.netie" 
held is developed in response to currents in a plural it v 
of coils. 



turthei ionization. 

Moie spieci fka II \ , the current waveforms shown in I Ki. 
41: (and I K i 5A, as will he elescuhed he low) provide for 
fully driving, two adjacent coils while driving remaining 
coils with a low e r current It should he noted, as shown in t M 
1 Ui. 4( . that all four coils are driven in ihe same sciinl as 
that shown in 1'lfi. 2 1 >; the reduceel current in ihe legs of 
respect iv e cods he uig de pie' ted h y da shed ch esses ami ci rclcs 
therein. This waveform approximates the waveform which 
would result from limiting the- harmonic contcul of I he- a> 
energizing current to (Ik second and fourth haimoiiics it) 
addition to the fundamental and al the same amplitude. The 
amphlutle of the lower current level should he chosen such 
that the net cm ecu I in adjacent vertical tegs of iwo adjaevni 
coifs approximates or exceeds 1.5 times ihe net current in 
adjacent vertical legs of anv other pair of coils, as alluded to 
aho\ e. As if lust i a ted in I !< i. 4< ', ihe ie suiting mag::, 'tie' field 
remains asymmetric although lo a lesser degree th i shown 
in I he .Mi and a correspondingly reduceel gradient of ihe 
magnetic field decreasing in magiiclic field strength in the 
direct u mi of I ,x 1 1 eh ill is i Must rated hv i he increasing spacing 
of field lines across the wafer. 

There tore, further ionization elue to Lxl 1 . electron diifi in 
tins variat ii mi of the invent ion will he reihiced hut to a lesser 
degree than in the emhodiineul of 1 l( 1 31 1 hul mav piovide 
^^k) inn form it y in some processes and tools f t . f which ihe 
emhoelinieitt of ld( iS .Mi ukI 4.\ w * mi Id he used I >e pending 
on parameters such as wafer and or chamher size, average- 
magnetic held, election densil\ and collision fi ci 1 1 lei ic v, the 
amount of cu t a cut driv e in the opp. .scd coils ean he adjusted 
as de senhed ahove lo derive (he hest instantaneous plasma 
uu ifonu it v hi this ivgaiel aitel as a further perfecting feat lire 
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2 A met hot! as recited in claim I, including the furl her 
step of 

rotating said magnetic lie Id. 

3. A method as recited in claim I, wherein said currents 
and said magnetic field vary at a fundamental frequency and 
a harmonic of said fundamental frequency. 

4. A method as recited in claim 3, including the further 
step of 

modulating said RI power in synchronism with variation 
of said magnetic held. 

5. A method as recited in claim I, wherein said currents 
are square waves with zero current during alternating cycles. 

6. A method as recited in claim 1, wherein the number of 
coils in said plurality of coils is four. 

7. Apparatus for plasma processing of a material, said 
apparatus including 

a source of RI power to produce a plasma, 

at least three electromagnets including respective current 
drivers t lie re for, and 

a function generator means for producing a waveform 
including a fundamental frequency and at least one 
harmonic of said fundamental frequency, and 

means for providing said waveform to respective ones of 
said current drivers at respective times to produce a 
rotating magnetic held, said magnetic field being asym- 
metric and decreasing in intensity in the direction of 
ExB drift of electrons in said plasma. 

8. Apparatus as recited in claim 7, including a function 
generator means for each of said electromagnets. 

9. Apparatus as recited in claim 7, wherein said means for 
providing said waveform to respective ones oi said current 
drivers includes 

delav means for providing a delav of said waveform to al 
least two of .said respect i\ c current dri\crs. 

10. Apparatus as recited in claim 7, including lour elcc- 
to i magnets. 
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11 Apparatus as recited in claim 7, including means for 
modulating said RF power in synchronism with application 
of said waveform to respective ones of said current drivers. 

12. A method of operating a plasma processing device 
s having a plurality of electromagnets and a source ot RI 
power to provide a plasma, said method including the steps 
of 

energizing said plurality of electromagnets asymmetri- 
cally to p rod uce a magnetic field having a gradient ot 
0 magnetic Held intensity decreasing in a direction of 

FxH electron drift with a waveform including a fun- 
damental frequency and at least one harmonic of said 
fundamental frequency, and 
adjusting relative magnitude of said harmonic relative to 
said fundamental frequency. 
1? 13. A method as recited in claim 12, including the further 
step of 

adjusting the number of harmonics utilized in said ener- 
gizing step. 

14 A method as recited in claim 12, including the further 
:() Step of 

energizing said plurality of electromagnets in timed 
sequence with said waveform to rotate. 

15. A method as recited in claim 13, including the further 
step of 

energizing said plurality of electromagnets in timed 
sequence with said waveform to rotate. 

16. A method as recited in claim 12, including the further 
step of 

introducing an etchant into said plasma processing device 
■ ; ° 17. A method as recited in claim 14, including the further 
step of 

introducing an etchant into said plasma processing device . 
IS. A method as recited in claim 15, including the further 
step of 

introducing an etchant inh > said plasma processing devux . 
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